Introduction
Mixing of two or more immiscible liquids to form a stable emulsion is an important processing step in the manufacture of products such as shampoos, salad dressings, bitumen, pharmaceuticals and many others, and is commonly carried out in in-line high shear rotor-stator mixers. In-line rotor-stator mixers are attractive as they can combine multiple process operations, and they may be used in continuous processing in a single pass mode or batch processing in a multiple pass mode. Despite the widespread application of in-line rotor-stator mixers, the current understanding of their performance is still rather limited. Frequently, the development of new emulsion-based products is based on experience, and ଝ This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution and reproduction in any medium, provided the original author and source are credited. * process parameters are typically selected by trial and error at increasing scales. To accurately scale-up emulsification in rotor-stator mixers it is important to understand the effect of process and formulation parameters on droplet size to predict and control the characteristic properties of multiphase products from the laboratory scale through to the manufacturing scale. The first step in scaling up of high shear mixers is to determine the power draw necessary to accomplish the required degree of emulsification in two-phase systems. The full expression for power draw in turbulent flow is given by (Baldyga et al., 2007; Cooke et al., 2008; Kowalski, 2009) : We eff effective Weber number, c N 2 D 3 eff Eq.
(1) has been validated for pilot plant and small scale Silverson mixers.
Expressions for Sauter mean diameter have been reported for a range of formulations and processing equipment, with most of the previous work summarised by Leng and Calabrese (2004) . In many practical applications of geometrically similar devices it is convenient to correlate Sauter mean diameter with energy dissipation rate per unit mass or rotor tip speed:
Theoretical correlations for maximum stable drop size in turbulent liquid-liquid dispersions are based on mechanistic models (Hinze, 1955) , which assume that drops are broken if the disruptive stress is greater than the cohesive stress (Leng and Calabrese, 2004) . The disruptive stress is related to energy dissipation rate calculated within a cascade model of homogeneous isotropic turbulence. In dilute liquid-liquid systems with low viscosity dispersed phases, viscous stresses are negligible and only cohesive forces due to interfacial tension stabilise the drop. In turbulent flow, assuming that (d 32 /d max ) is constant and that drops are larger than Kolmogoroff's length scale, average stable drop size (d 32 ), can be related to the local energy dissipation rate (Leng and Calabrese, 2004) :
The constant C 1 is of the order of one (Davies, 1985) . For turbulent flow conditions, in geometrically similar systems, Eq.
(4) can be rearranged to:
Eq. (5) is frequently used for scaling emulsification processes in stirred vessels where the constant C 2 varies from 0.09 to 0.125 depending on impeller type and Po (Pacek et al., 1999) . Calabrese et al. (2000) applied Eq. (5) to correlate the Sauter mean diameter in a batch high shear rotor-stator mixer and reported a constant of 0.040. In the case of very viscous dispersed phases, internal viscous stresses resisting droplet deformation become more important than surface stresses, and for drops larger than Kolmogoroff's length scale, average drop size can be calculated from (Leng and Calabrese, 2004) :
Equations derived for different breakage mechanisms are summarised in Table 1 (Leng and Calabrese, 2004; Padron, 2005) . The accuracy of the Hinze model can be improved by accounting for the effect of intermittency on disruptive stresses acting on drops (Baldyga et al., 2001) . However determination of the multi-fractal scaling exponent and the relationship between this exponent and proportionality functions is limited to large volumes of liquid, therefore it might have limited application in high shear mixers.
The above models were developed and frequently used for stirred vessels. However, Colenbrander (2000) claimed that drop size in stirred vessels cannot be correlated with energy dissipation rate and Okufi et al. (1990) and El-Hamouz et al. (2009) suggested tip speed as an appropriate scaling up parameter.
Information on scaling up of rotor-stator mixers in open literature is limited. Maa and Hsu (1996) examined emulsification in a Virtishear homogeniser and reported that drops of ∼1 m size were produced above 10,000 rpm at the large scale and above 15,000 rpm at the small scale, however they did not discuss scale-up parameters. Kamiya et al. (2010a) examined an IKA Works Inc. small mixer (D = 0.031 m) and a large mixer (D = 0.057 m) with 0.25 mm rotor-stator gaps. They recommended 'homogenisation index' (HI) based on the local energy dissipation rate and the 'circulation number' (N c ):
for estimating mean droplet diameter for different batch sizes, rotor speeds and mixer geometry configurations: d 0,5 = HI −0.328 (15) Kamiya et al. (2010b) examined a pilot scale (D = 0.198 m) and a production scale rotor-stator mixer (D = 0.396 m) and correlated mean droplet size with total energy dissipation rate and claimed that such scaling up does not require geometric similarity, constant tip speed or constant gap width. Mean drop size in in-line (continuous) rotor-stator mixers can also be correlated with energy density which accounts for the effect of flow rate and the mode of operation (single or multiple passes) (Karbstein and Schubert, 1995) :
with b 3 ∼−0.35 for turbulent inertial forces and ∼−0.75 for turbulent shear forces (Schubert and Engel, 2004) . Manufacturers often design and scale-up rotor-stator mixers based on equal rotor tip speed, since the nominal shear rate in the rotor-stator gap is constant, when the gap width remains equal on scale-up (Atiemo-Obeng and .However, findings from Francis (1999) and Thapar (2004) suggest that tip speed is better for correlating drop size than shear rate in the gap.
In this work, emulsification of silicone oils of vastly different viscosity in three geometrically similar in-line rotor-stator mixers of different sizes (from the lab to the factory scale) was investigated. Power draw and average drop size/drop size distributions have been measured and experimental drop sizes correlated with different scaling parameters. Since interfacial tension is an important parameter in droplet break-up, its effect on drop size was investigated by using solutions of ethanol as continuous phases, and by employing surfactant solutions at different concentrations. This study significantly builds on previous work by investigating a factory scale device, and the effect of single and multiple passes and interfacial tension on drop size distributions.
Materials and methods

Equipment
The Silverson rotor-stator mixers (Silverson Machines Ltd., Chesham, UK) investigated in this work were three scales of in-line device; the laboratory scale 088/150 UHS, pilot plant scale 150/250 MS and factory scale 450/600 UHS models ( Fig. 1 and Table 2 ). All mixers comprised of double rotors, enclosed within standard double Silverson emulsor screens (Fig. 1) . The rotor-stator gap width was 0.24 mm, the stator thickness was 2.0 mm, and the stators contained 1.59 mm diameter holes on a triangular pitch at all scales. The design of each stator was geometrically similar but there were minor differences in the rotor design. However, experiments show that the design/type of the rotor has only a marginal effect on drop size distributions.
The experimental rig enabling investigation of single pass and multiple pass emulsification is described in detail elsewhere . Coarse emulsions were prepared in an 800 L mixing tank for the single pass experiments and a 60 L tank for the multiple pass experiments using high shear Table 1 -A summary of the key theoretical correlations to predict mean droplet size, adapted from Leng and Calabrese (2004) and Padron (2005) .
Range
Mechanism Correlation in terms of ε Correlation in terms of dimensionless groups (constant Po) dissolver disks and were pumped to the mixer with flow rate measured by a Coriolis flow meter.
Materials
In all three mixers, emulsification of 1 wt.% silicone oils (Dow Corning 200 fluid) with viscosities of 9.4 and 339 mPa s in water was investigated, and all emulsions were stabilised by 0.5 wt.% of sodium laureth sulfate (SLES, Texapon N701, Cognis UK Ltd.). The effect of interfacial tension on drop size was only investigated in the pilot plant scale (150/250) mixer, with and without surfactant. For the surfactant systems, SLES was used at three concentrations of 0.05, 0.5 and 5 wt.%. In non-surfactant systems, interfacial tension was modified by using aqueous solutions of absolute ethanol (99.8%, VMR International Ltd) at concentrations of 0, 10 and 20 wt.%. as the continuous phase. The interfacial tensions were measured by the Wilhelmy plate method using the Kruss Easydrop (VI-03) Drop Shape Analysis System at ∼22 • C. Interfacial tension falls from 40.9 to 26.6 and 17.7 mN m −1 as the concentration of ethanol increases from 0 to 10 and 20 wt.% respectively. An increase of SLES concentration from 0.05 to 0.5 and 5 wt.% lead to a reduction of interfacial tension from 13.8 to 10.0 and 7.3 mN m −1 respectively.
Emulsification
Emulsification was carried out in two steps. First coarse emulsion was prepared in a stirred vessel that was further emulsified in a rotor-stator mixer.
The coarse emulsions were prepared in a mixing vessel at a constant temperature of 25 ± 1 • C, and where necessary stabilised with SLES. For the aqueous ethanol continuous phases, ethanol was added slowly to the water on the surface with no agitation, then mixed thoroughly. Silicone oil was added to the mixing tank at 1 wt.% phase volume and the dispersion was agitated to give average drop sizes between 45 and 50 m. Throughout all experiments, coarse emulsions were mixed at low speed to maintain a well-mixed dispersion and prevent creaming.
The effect of rotor speed (energy dissipation rate), flow rate, viscosity of the dispersed phase and interfacial tension on drop size distributions in high shear mixers were investigated for both single and multiple pass emulsification.
Single pass
Coarse emulsion was fed to the Silverson at a range of flow rates and rotor speeds. For the pilot plant scale 150/250 mixer, rotor speeds from 3000-11,000 rpm (in steps of 1000 rpm) at a primary flow rate of 300 kg h −1 , and rotor speeds of 6000 rpm and 11,000 rpm for flow rates between 150 and ∼6200 kg h −1 were examined. Ethanol continuous phase systems were emulsified at 3000-11,000 rpm (in steps of 2000 rpm) at a flow rate of 300 kg h −1 . The primary flow rates for the laboratory scale 088/150 and factory scale 450/600 mixers were roughly 100 kg h −1 and 4600 kg h −1 respectively, to match the residence time in the pilot plant scale 150/250 mixer of = 0.45 s.
Drop size distributions in the mixing tanks, after the pump and at the Silverson inlet were practically identical, e.g. no breakage was observed in the pump.
Multiple passes
The effect of multiple passes on droplet size distributions was investigated by two methods; 'single condition' recirculation, and 'step-wise' recirculation methods, both using the 60 L rig. In the 'single condition' method, coarse emulsion was fed to the Silverson mixer in a recycle loop between the mixing tank and the mixer. Flow rate and rotor speed were kept constant with samples taken from the Silverson outlet at regular time intervals corresponding to a given number of batch turnovers.
Initially, coarse emulsion was circulated around the system at a low flow rate (300 kg h −1 ) to remove air from the pipelines, then the Silverson was turned to the required rotor speed, and the flow rate was controlled by direct adjustment of the pump and the valve at the mixer outlet.
In 'step-wise' recirculation, the emulsion was recycled for 1 h to obtain an 'equilibrium' droplet size distribution. For each run, flow rate was constant and rotor speed increased in steps, with samples taken from the Silverson outlet at regular time intervals. This method examined the effect of processing at long times, although in reality droplet size never reached an 'equilibrium', but a time of 1 h was selected as this was considerably longer than manufacturing timescales. The flow rates were varied between 300 kg h −1 and 3600 kg h −1 and rotor speed between 3000 rpm and 11,000 rpm. In selected runs, residence times and tip speeds were the same in all three mixers.
Measurements of drop size distributions
Droplet size distributions were measured using a Mastersizer 2000 particle analyser (Malvern Instruments, Malvern, UK). Samples were diluted in a ∼0.1 wt.% SLES solution to prevent coalescence and oil deposition on the optical windows of the sample cell. The relative refractive indices used were 1.33 for water, and 1.42 for silicone oil. The imaginary component of the absorption index for silicone oil was taken as 0.001 (Thapar, 2004) . In general, samples were measured <48 h after the experiment was completed, although the samples were stable over a longer period of time.
The results of the measurements are presented as drop size distributions supported by the calculated span describing the width of distributions (Seville et al., 1997) :
and skewness (Vanoni, 2006) :
Skewness measures the asymmetry of the drop size distribution and can be positive or negative. Negative skewness indicates that the tail on the left side of the drop size distribution is longer than the right side, and positive skewness indicates that the tail on the right side is longer than the left side and the bulk of the values lie to the left of the mean. The coefficient of determination (R 2 ) was used as the fit indicator in correlations developed from experimental data (power consumption as a function of process parameters and Sauter mean diameter as a function of selected parameters, see Section 3.2). Adjustable parameters in correlations were determined in Microsoft Excel.
Power draw
For turbulent power draw measurements, the 800 L tank was filled with water at ambient temperature and overflowed to maintain a constant head. For the pilot plant scale 150/250 Silverson mixer, water was then fed into the mixer at rotor speeds from 3000 rpm to 11,000 rpm in steps of 1000 rpm. Temperature differences were measured over a series of flow rates from 300 kg h −1 to the maximum possible using the rig configuration (∼6200 kg h −1 at 11,000 rpm). At steady state conditions, when flow rate/pressure, rotor speed and temperature were constant, flow rate, temperature and pressure measurements were recorded for > 5 minutes. For the factory scale 450/600 mixer, power was measured for a matrix of conditions at rotor speeds from 1200 rpm to 3600 rpm in steps of 600 rpm, at flow rates from 1200 kg h −1 to ∼6200 kg h −1 . Power of the laboratory scale 088/150 mixer was only measured at higher rotor speeds of 8000 rpm and 10,000 rpm where larger temperature differences could be produced, at flow rates of 200 kg h −1 to ∼1500 kg h −1 (Hall, 2013) .
At steady state conditions, power draw was estimated from the temperature difference between the mixer inlet and outlet ( Â) (Ascanio et al., 2004) :
Systematic temperature differences between the thermocouples and power consumed due to pumping were accounted for as discussed by Kowalski et al. (2011) . A pressure drop term, was included in power draw, (see Kowalski et al., 2011 for details) and the total power was calculated from:
The power calculated from this equation (based on experimental results) was used to calculate the constants in the theoretical expression for power draw (Eq. (1)) and the standard error.
Results and discussion
Power draw
The power constants for three scales of in-line Silverson rotor-stator mixer were obtained from multi-linear regression. Values of Po Z are roughly scale independent and equal ∼0.24 (0.254, 0.229 and 0.231 for the lab, pilot plant and factory mixers, respectively) with standard error ranging from 0.004 at the pilot plant scale to 0.034 at the lab scale. The highest standard error at the smallest scale was caused by the smallest difference of temperature during the measurement of power consumption. The flow power constant (k 1 ) is 9.59, 7.46 and 11.80 in the lab, pilot plant and factory mixers, respectively. Since both Po Z and k 1 are similar at each scale, this confirms that the modified expression for power draw can be used to calculate power draw at different scales of in-line Silverson mixer from: The dimensionless power draw as a function of the dimensionless flow rate shown in Fig. 2 clearly indicates that Eq. (21) correlates the experimental data within +/− 20%, accuracy which is more than sufficient for engineering calculations.
Single pass emulsification
The effects of the mixer scale, dispersed phase viscosity and rotor tip speed on drop size distributions are summarised in Fig. 3 . For low viscosity oil at the higher tip speed (20 m s −1 ), drop size distributions were practically log-normal ( Fig. 3a) with a (log-normal) span of 1.6-1.8 for all three mixers. At the lower tip speed of 10 m s −1 , a tail appeared on the left of the DSD and as a result, span increased slightly to 1.85. As expected, the volume of oil in the smaller drops is reduced at the lower tip speed; however the DSDs have very much the same shape for all scales, with skewness close to zero (−0.09-0.02).
The high viscosity oil drop size distributions at each scale were again rather similar; however they were not log-normal but strongly skewed towards smaller drops (Fig. 3b) . At the higher tip speed (20 m s −1 ), span was higher than for the low viscosity oil at 2.7-2.9, and at 10 m s −1 , span was similar at 2.5-2.8. The small drops form a long tail resulting in a negative skewness of −0.19 to −0.28 at all scales. In general, these figures show very good agreement in the shape of the distributions between the scales, and as expected, smaller drops are produced in dispersion of the lower viscosity oil. The maximum drop size at all scales (for a given tip speed and viscosity) are very similar, indicating that drop breakage mechanisms are also similar.
Drop size correlations
Single pass mean drop sizes measured at three scales at the same mean residence time ( = 0.45 s) were correlated with mean energy dissipation rate, tip speed and Weber number. Mean energy dissipation rate (ε) was calculated from total power draw (Eq. (1)) and also from P T = Po z N 3 D 5 , to give the rotor energy dissipation rate (ε T ) and both forms were examined here. Sauter mean diameters were correlated using the power law model: 22) or in the case of Weber number:
Proportionality constants A, exponents b and coefficients of determination R 2 were calculated by non-linear regression from the experimental data and the results are summarised in Table 3 . Fig. 4a illustrates that the results of the correlations with tip speed give the best fit (R 2 >0.97 for both oils) and a worse fit for rotor energy dissipation rate in Fig. 4b . Fig. 4a shows that for both oils, Sauter mean diameters at three scales correlated with tip speed practically fall onto two distinctive straight lines, with high viscosity oil forming systematically larger drops. When rotor energy dissipation rate is used as a correlating parameter the experimental data are scattered and there is even an unphysical overlap between low and high viscosity drops at the lower end of energy dissipation rate.
The exponent on tip speed calculated from the data obtained with low viscosity oil at all scales is very close to the theoretical value for fully developed turbulent flow of −1.2, however at high viscosity oil this is close to −1 which is typical for droplet breakage in simple shear flow. The exponents on total energy dissipation rate are close to theoretical values for turbulent flow. The marginal difference in the gradients indicates that at each viscosity and scale, drops are broken by similar mechanisms, primarily by turbulent inertial forces. The substantial differences in the intercepts for each viscosity shows that breakage of low viscosity drops requires less energy than breakage of high viscosity drops. As the coefficients of determination are 0.899 (high d ) and 0.931 (low d ) (Table 3 ), it appears that energy dissipation rate does not correlate the data particularly well at different scales. Kamiya et al. (2010b) also used total energy dissipation rate to correlate a pilot plant and a production scale rotor-stator mixer, and reported a similar correlation with R 2 = 0.91.
The effect of tip speed on Sauter mean diameter of emulsions shown in Fig. 4a indicates that at the same dispersed phase viscosity, Sauter mean diameters at three different scales fall in one line on logarithmic coordinates. For high viscosity oil, b = −0.98 (R 2 = 0.971), and for low viscosity oil, b = −1.13 (R 2 = 0.974), which indicates that tip speed can be treated as a good scaling parameter. Tip speed was a good correlating parameter for dispersion/emulsification in stirred vessels (El-Hamouz et al., 2009 ).
Dimensionless drop size as a function of Weber number gives a slightly weaker fit than tip speed, with R 2 = 0.956 for low viscosity oil and R 2 = 0.922 for high viscosity oil. This is expected as in the results discussed above; Weber number is related only to energy dissipation rate as interfacial tension was approximately constant. The effect of interfacial tension on drop size is discussed in Section 3.4.
The above discussion indicates that tip speed appears to be the most appropriate scaling parameter. The poorer applicability of energy dissipation rate as a scaling parameter and the dependency of the exponents on ε at different scales suggests that the Hinze model cannot be applied to describe droplet break-up in in-line high shear mixers. The suitability of tip speed rather than energy dissipation rate suggests that tip speed is a better approximation of the maximum energy dissipation rate which is important for droplet break-up.
Flow rate and residence time
The effect of flow rate and mean residence time in the mixer on Sauter mean diameter of emulsions at different scales is shown in Fig. 5 .
The Sauter mean diameters of emulsions of viscous drops at all investigated scales are practically independent of flow rate/residence time. Only for low viscosity oil is there a weak dependency of both flow rate and residence time, with residence time giving a better fit to the experimental data. This confirms that accounting for total residence time in the mixing 
Multiple pass emulsification
To compare emulsification for both single and multiple passes at different flow rates, residence time was modified to estimate total residence time:
where the number of vessel turnovers pumped, (B) e.g. mean number of passes (Baker, 1996) :
For a single pass system, B = 1. The effect of number of batch turnovers (1 and 40) and mixer scale on drop size distributions at the mixer outlet are summarised in Fig. 6 . For one batch turnover, DSDs were practically log-normal with span ∼1.8 for all three scales. After 40 batch turnovers, as expected, the volume of oil contained in small droplets increased, and span reduced to ∼1.4.
There is very good agreement in the shape, span and skewness of the distributions between the scales for the same number of batch turnovers, and the maximum and minimum drop sizes are also very similar. At equal energy dissipation rates, smaller drops were produced in the largest mixer and larger drops in the intermediate mixer. This can be attributed to the longest residence time per pass in the largest mixer ( = 0.87 s), and the shortest time in the medium size mixer ( = 0.06 s).
Drop size correlations
Multiple pass emulsification was investigated at several rotor speeds at one flow rate, and the Sauter mean diameters of 9.4 mPa s silicone oil were correlated with energy dissipation rate, energy density and tip speed after 40 batch turnovers. Fig. 7 shows that Sauter mean diameter at all three scales correlates well with tip speed (R 2 of 0.949), which confirms that tip speed is the best scaling parameter for both single and multiple passes.
In Fig. 7 , the number of batch turnovers at each scale was 40, however total residence time (t R ) was greater at the largest scale at 35 s, compared to 2.3 s at the other scales. To match t R at other scales, a flow rate of ∼36,000 kg h −1 was required through the largest mixer which could not be achieved using the existing experimental rig. However, Fig. 7 confirms that the effect of t R on Sauter mean diameter is marginal as drop sizes from the largest mixer are only slightly smaller than from the other mixers.
Sauter mean diameters did not correlate with energy dissipation rate (R 2 = 0.553), or energy density (R 2 = 0.764). This was particularly true at the largest scale, and supports previous findings for single passes, that energy dissipation rate or energy density alone are not suitable scaling parameters.
The effect of number of passes at each scale was also assessed at a single rotor speed and flow rate ('single condition' recirculation method). The effect of scale on mean droplet size at the same energy density is shown in Fig. 8 . At constant tip speed, energy density correlates drop sizes formed at different residence times, and drop size reduction trends are roughly equal at each scale. However, once tip speed was changed (from 20 m s −1 to 37 m s −1 for the pilot plant scale 150/250 mixer), energy density does not correlate drop size, which implies that energy density cannot be used for correlation.
Drop size and residence time correlations
Mean droplet size for continuous emulsification can also be related to energy density (Karbstein and Schubert, 1995), see Eq. (16) . Energy density enables comparison of different continuous flow emulsifying devices, and it accounts for both energy dissipation rate and total residence time, however it assumes both terms have the same weight. The poor correlations with energy density discussed above indicate that this might not be the case and that the effect of each term might be different:
Correlation based on tip speed can also be modified in a similar way:
Each of these correlations has a term accounting for the intensity of droplet deformation and a term accounting for the duration of droplet deformation. Table 4 summarises correlations for mean drop size using Eqs. (26) and (27) for low and high viscosity drops measured at three scales, including single pass and multiple passes, containing about 200 data points. Both correlations are rather accurate with the higher viscosity oil correlating better with Eq. (27), but for lower viscosity oil, differences between the correlations are marginal.
The key difference between the correlations for the two oil viscosities is the change in the exponent x (−1.19 and −0.96) on tip speed and (−0.41 and −0.33) on ε (Table 4 ). This follows that the higher oil viscosity is approaching the viscous limit in Eq. (6). Similarly, the exponent y for the higher viscosity oil is 60-70% below the lower viscosity oil exponent. Overall, the correlations based on either tip speed or energy dissipation rate give a reasonable prediction of mean drop size when total residence time is included. However, y is greater for the correlation with ε than U T , as y compensates for the poorer applicability of ε as a scaling parameter, discussed in Section 3.2.
The energy dissipation rate correlations in Table 4 are shown in Fig. 9 . Once mean drop sizes for 9.4 mPa s oil emulsions are separated, correlation of the larger drop sizes >Á K fit exactly with an exponent of −0.40 on energy dissipation rate, while for the smaller drops <Á K an exponent of −0.61 has been found. This adds further support to the fact that droplets below Á K correlate with an exponent of > 0.5 on ε.
Effect of interfacial tension on scale-up parameters
The interfacial tension between two immiscible liquids strongly affects drop size and it is included in Weber number, so investigation of this physical property further examines the applicability of Weber number as a scaling parameter. All experiments reported in this section were single passes through the pilot plant scale 150/250 mixer.
Non-surfactant systems
Mean size of oil drops emulsified in ethanol solutions as a function of energy dissipation rate are shown in Fig. 10a and dimensionless Sauter mean diameters as a function of Weber number in Fig. 10b . As expected, smaller droplets were formed at a lower interfacial tension (for both viscosities) because a lower interfacial tension reduces the surface force which resists droplet break-up. Mean drop sizes at 27 and 18 mN m −1 began to converge at higher energy dissipation rates which are mostly likely due to the coalescence of the smallest droplets formed, as stability against coalescence is reduced for low systems (Walstra, 2005) . Very similar trends were observed for high viscosity oil. The exponents on energy dissipation rate are close to -0.4 indicating turbulent inertial droplet break-up in all cases. Fig. 10b shows that Weber number accounts well for the effect of interfacial tension for non-surfactant systems, collapsing results in two lines corresponding to low and high dispersed phase viscosities which suggests that Weber number is suitable as a scaling parameter. The exponents are slightly lower than the theoretical −0.6 value for turbulent inertial break-up, which is particularly evident at higher Weber numbers for interfacial tensions of 18 mN m −1 .
Surfactant systems
The mean drop size of emulsions containing 0.05 wt.% ( = 13.8 mN m −1 ), 0.5 wt.% ( = 10 mN m −1 ), 5 wt.% ( = 7.3 mN m −1 ) SLES as a function of energy dissipation rate are shown in Fig. 11a and dimensionless Sauter mean diameters as a function of Weber number in Fig. 11b. Fig. 11a shows that smaller drops were formed at a slightly lower interfacial tension (7.3 mN m −1 for 5 wt.% SLES compared to 13.8 mN m −1 for 0.05 wt.% SLES) (for both viscosities of silicone oil investigated). In general there was little effect of surfactant concentration on mean drop size despite the 100fold increase in SLES content, and in all cases the gradients are close to −0.4.
For high viscosity oil dispersed in 5 wt.% SLES, smaller drops were obtained at lower energy dissipation rates, giving a shallower gradient (−0.28) on ε, compared to the other SLES concentrations. The concentration of SLES has little effect on the shape or position of the distributions with the highest surfactant concentration forming slightly smaller droplets.
Correlating drop size with Weber number based on interfacial tension leads to different trend lines not only for different viscosities but also for non-surfactant and surfactant systems ( Fig. 12a ). Janssen et al. (1994) proposed that for surfactant systems, effective interfacial tension, which depends on the surface excess ( ) at the oil-water interface, should be used instead of interfacial tension:
They found Weber number to increase with surfactant concentration, corresponding to the surface dilational modulus (E sd ) and proposed the use of effective interfacial tension ( eff ). The surface dilational modulus is a system property and relates the change of the interfacial tension resulting from a change in the interfacial area of the drop (Walstra and Smulders, 1998) :
where E 0 is the limiting elasticity of the interface:
The surface excess ( ) at the oil-water interface depends on the bulk concentration of surfactant in the continuous phase. At lower surfactant concentrations, interfacial tension gradients form on the droplet surface when the droplet is deformed, which results in Marangoni stresses resisting droplet disruption. At high surfactant concentrations, the diffusion time of surfactant from the bulk to the droplet interface decreases, and the Marangoni stresses are reduced, hence this phenomena is less important at high surfactant concentrations, or in non-surfactant systems.
Measurement/calculation of surface excess is rather complex therefore determined for SDS (Walstra and Smulders, 1998) were used giving 0.5 mg m −3 for 0.05 wt.% SLES and 0.7 mg m −3 for 0.5 wt.% and 5 wt.% SLES. The value of t D was also taken for SDS as 1 × 10 −10 m 2 s −1 (Yang and Matthews, 2000) , and the droplet deformation time was calculated for turbulent inertial flow:
The constantˇin Eq. (28) was obtained by fitting the dimensionless mean drop sizes to the Weber number correlation, to give 0.21 ( rms = 10.5%) and 0.58 ( rms = 13.7%) for 9.4 mPa s and 339 mPa s oil respectively, which compares to 0.19-0.26 by Janssen et al. (1994) . The effective Weber number was calculated from:
We eff = c N 2 D 3 eff (32) Fig. 12b shows that introducing effective interfacial tension in the Weber number correlation for surfactant systems, brings together mean drop sizes of emulsions measured in non-surfactant and surfactant systems and confirms that effective interfacial tension can correlate surfactant and nonsurfactant systems, however this approach should be verified using a range of surfactants.
Conclusions
For the first time in open literature the results of very detailed scale-up studies of in-line Silverson rotor-stator mixers are reported. The experiments were carried out using lab, pilot plant and full industrial scale in-line Silverson rotor-stator mixers and both power draw and emulsification were investigated over wide range of processing conditions. It was found that for all three scales, power draw is the sum of the rotor and flow contributions, with proportionality constants, Po Z and k 1 , that are practically scale independent. During emulsification, drop size distributions at three scales are practically identical, which suggests that the droplet breakage mechanism was very similar. For single pass systems, and the same residence time in the mixing head, tip speed was found to be the best scaling parameter.
Energy dissipation rate is also a reasonable scaling parameter, however the suitability is reduced when total residence time was not constant. Application of the rotor energy dissipation rate which neglects power due to the flow rate produced a less favourable correlation. The effect of number of passes was successfully correlated with energy dissipation rate and total residence time. The experimentally determined exponent on energy dissipation rate compared well with theoretical models for turbulent inertial stresses.
Weber number accounts well for the effect of interfacial tension on drop size in surfactant free systems but in presence of surfactant, effective interfacial tension containing an elasticity term gives better agreement with experimental results.
